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ABSTRACT 
  Plasma electrolytic oxidation (PEO) treatments have been used in the aerospace and 
automotive industries because the coating formed on light metals or alloys has great 
hardness, high wear, corrosion, and oxidation resistance, and a low friction coefficient 
that improves lifetime length and provide a higher surface quality. 
  However, the PEO treatments that are presently used for industrial applications 
require a long period of time to confirm the quality of the coating. For this reason, the 
present study seeks to increase the current density of PEO treatments to improve their 
efficiency and explore the performance of the obtained coatings. It was found that for 
high current density (0.18A/cm2) PEO treatments, smaller ratio, such as 50% and 70%, 
is beneficial to obtaining a better performance coating. When compared with the 
coating of a “normal” (current density: 0.09A/cm2) PEO treatment, it had better wear 
resistance; however, for corrosion resistance, it had a lower performance than the 
coatings obtained by the “normal” current density PEO treatment which was attributed 
to the negative influence of porosity increase. 
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Chapter 1: Introduction 
1.1 Motivation 
PEO technology is regarded as a surface modification technique that can produce 
oxide coatings with desirable properties on the surface of valve metals and alloys; 
meanwhile, its use has less- or non-polluting concerns. For these reasons, PEO has 
attracted more and more attention from researchers and has been well-developed over 
the past few years. The produced coating can improve the properties of metal [1], such 
as the corrosion resistance [2, 3], tribology properties, [4-9] and thermal properties [10-
12], principally on magnesium alloys and aluminum alloys; therefore, these alloys is 
widely used in industrial applications, for example, for helicopter gear housings, 
automotive pistons, and marine winch handles.  
As a common aluminum alloy, the aluminum 2024 alloy has been widely used in 
industrial applications, especially in the automotive industry. The composition of 
aluminum 2024 includes the elements silicon and manganese to decrease the proportion 
of iron. In this way, it decreases the number of infusible compounds of iron and silicon 
and improves the strength of the aluminum alloy. 
For the parameters of PEO, there are numerous factors that influence the quality of 
the coating caused by environmental and parameter factors. Environmental factors are 
items such as the temperature of the treatment or the components of the solution. 
- 2 - 
 
Parameter factors are treatment time, voltage, [13] anodic current density, the ratio of 
cathode to anodic current density, etc. [14-17], which are controlled by the electrical 
source. However, although the phase composition and microstructure have been 
explored for obtaining high quality coatings, the systematic properties of the coating 
are still not yet clear. [18] Normally, the value of the current is regarded as one of the 
most important parameters affecting the microstructure of the coating. 
The value of the current used for PEO is normally a low value, such as 0.3 to 1.2A 
[18] (0.006 A/cm2 to 0.09 A/cm2), therefore the current density is smaller than 0.1 
A/cm2 which was regarded the normal current density, because it is widely used in the 
application of industrial area effective for obtaining a better ceramic coating and is 
effective for obtaining a better ceramic coating. However, for industrial applications, 
this also takes a long time and costs more in resources; therefore, it is necessary to 
improve production efficiency, and an increased current is one of suitable methods to 
improve it.  
  This study used aluminum 2024 as a substrate with increased current density (current 
density increase from 0.09 to 0.18 A/cm2) and decreased time for the PEO treatment to 
improve technique efficiency, and then it simulated the surfaces applied in industrial 
applications through the polishing process; for the industrial region, it also used the 
surface which value of Ra was near 0.3μm, however, in polishing process, the coating 
is too thin when Ra near 0.3μm, therefore, the smooth was used Ra near 0.6μm as the 
smallest surface roughness to have the test. The obtained coating was used in a pin-on-
plate and polarization test to measure wear and corrosion performance. Additionally, it 
- 3 - 
 
used an observation method to measure the porosity of the coating. After the test, the 
specimens were examined by profilometer, thickness gauge, scanning electron 
microscope (SEM), and energy-dispersive X-ray spectroscopy (EDS) to find the 
properties of the coating and compare it with the coatings obtained by the normal 
current density PEO treatment. Eventually, the influence of porosity on the wear and 
corrosion resistance of the coating was found.  
1.2 Objectives of this Study 
The objectives of this study are to: 
1. To improve PEO treatment efficiency by increasing current density and to compare 
the properties with the coatings formed by normal current density.  
2. To understand whether increase the current density has an influence on macro 
properties (e.g. wear rate and corrosion resistance) and micro properties (e.g. 
porosity).  
3. To use the automotive material aluminum 2024 as a substrate and find whether the 
PEO coatings made with high current density can be widely used in the automotive 
industry. 
1.3 Organization of the Thesis 
This thesis is organized into seven chapters. In Chapter 1, the motivation behind the 
research is introduced. The research was mainly carried out to explore the properties of 
- 4 - 
 
coatings obtained by high current density PEO treatments and understand whether they 
can be used in industrial applications.   
Chapter 2 gives a literature review of aluminum alloys, surface modification 
technologies, and the measurement methods for coatings. The measurement methods 
for PEO coatings on aluminum alloys (corrosion, tribology, and porosity) are also 
reviewed.  
Chapter 3 describes the test facilities, experimental procedures, and characterization 
of the instrumentation. Chapters 4, 5, and 6 summarize the test results on the porosity 
of the coatings, the tribological test (pin-on-plate test and wear rate), and corrosion test 
(polarization curve and Tafel curve), respectively. Chapter 7 gives a detailed summary 
of the conclusions drawn from the research and future needed research. 
 
 
 
 
 
 
 
 
 
 
- 5 - 
 
Chapter 2: Literature Review 
2.1 Aluminum Alloy  
Light alloys have been widely used in mechanical industries, especially in the 
aerospace and automotive industries. Magnesium alloys and aluminum alloys are often 
used in the automotive industry because they have high strength and cast easily. 
Compared with magnesium alloys, aluminum alloys have better tenacity and strength. 
The two alloys have the same fatigue properties and hardness, but for temperature 
resistance and insulativity, magnesium alloys have superior properties to aluminum 
alloys. 
For these reasons, if magnesium alloys and aluminum alloys are both suitable for the 
demands of the substrate, aluminum alloys take a priority for use as the substrate. 
Therefore, aluminum alloys are widely used in engine blocks, brake pads, and wheel 
naves. 
As the designations of the different kinds of aluminum alloys, there are seven main 
types of aluminum alloys, and the individual alloys within each group are indicated by 
a four digit number. If the first digit is 1, it is commercially pure aluminum, and the 
proportion of aluminum is at least 99.00%. Those with a first digit of 2 to 7 are 
aluminum alloys.  
- 6 - 
 
 
(a)  
 
(b) 
 
(c) 
Figure 2.1: A comparison of magnesium alloys and aluminum alloys. 
(a) Fracture toughness (b) Yield strength (c) Price 
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If first digit is 2, it is an aluminum-copper alloy. Besides copper, magnesium is the 
main other element. These alloys also contain a few other elements, such as chromium, 
manganese, and zirconium. Copper and magnesium can improve hardness and strength, 
while manganese and chromium are used to grain refinement. This type of alloy has 
better punching quality, weldability, and corrosion resistance. 
Table 2.1: The properties and applications for some topical aluminum alloys [19]. 
Designation of alloy Property of alloy Application 
1050, 1080 Low strength, good corrosion resistance Chemical vessels 
1100, 1200 Better moldability and corrosion resistance Vessels, kitchen ware 
2014, 2024 High strength, good corrosion resistance Wheel naves, car doors 
2018, 2218 Low corrosion resistance, high strength at high 
temperatures 
Pistons, engine blocks 
2011 High strength, good machinability Machine parts 
3003 Better machinability, good corrosion resistance Kitchen ware 
3004 Good elasticity and corrosion resistance Beverage cans, lamps 
4032 Good wear resistance and heat resistance Pistons, engine blocks 
5005 Better moldability, good corrosion resistance Auto decorations 
- 8 - 
 
Designation of alloy Property of alloy Application 
5052 Better fatigue strength and corrosion resistance Auto and naval parts 
5083 Good corrosion resistance of seawater and 
properties for low temperatures 
Auto parts, vessels for low 
temperatures 
6061 Good weldability and corrosion resistance Auto and naval parts 
6063 Easy to apply PEO treatment, good corrosion 
resistance 
Auto parts, tube shocks 
7072 Negative electrode potential  Aluminum foil for air 
conditioners 
7075 Highest strength of aluminum alloy Airplanes   
The alloys that have 3 as the first digit are the aluminum-manganese alloys. These 
alloys have better moldability, weldability, and corrosion resistance.  
The alloys starting with the digit 4 are aluminum-silicon alloys. The percentage of 
silicon is around 4% to 10%. When they also contain magnesium, copper, or nickel, the 
alloys show better strength and hardness at high temperatures, which is why they are 
used to make pistons or parts operated at high temperatures. 
If the first digit is 5, it is an aluminum-magnesium alloy. Alloys that start with the 
digit 6 are aluminum-magnesium-silicon alloys. Because these alloys have better 
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unique combinations of properties, they have been used widely in many different 
industries. Alloys that start with the digit 7 are aluminum-zinc, aluminum-zinc-
magnesium, and aluminum-zinc-magnesium-copper alloys. Because these alloys have 
the greatest strength, some of them are used in the aerospace industry (Table 2.1 shows 
the properties and applications of some common aluminum alloys). 
2.2 Metallurgical Coating 
Both magnesium and aluminum alloys have the active chemical properties that are 
easily activated; therefore, metallurgical coatings are used to protect their surfaces 
when they are used as a substrate. Figure 2 shows common coating techniques used in 
the automotive industry [20]. 
 
Figure 2.2: Coatings for automotive application [20]. 
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These coating treatments have their own special processing parameters, such as 
pressure, surroundings, and temperature. Table 2.2 shows an overall comparison of the 
different surfacing techniques. According to the Figure 2.2, physical vapor deposition 
(PVD), nitriding, thermal spray, and IONIT OX are used in the automotive industry. 
For the different part of an automobile, there are different parameters for the treatment, 
but they all use the same the coating techniques. A few of these techniques use apply 
more than two coating treatments [22-27]. Because of parameter differences, the results 
of the coating of the surface have different properties and resistances, i.e. the coating 
of piston rings improve the strength, fatigue resistance, and tribological resistance of 
substrate and the coating of fuel injection parts need to improve the corrosion resistance 
of material surfaces. 
 
 
 
 
 
 
 
 
 
- 11 - 
 
 
 
 
 
 
 
 
 
 
 
 
T
a
b
le
 2
.2
: A
n
 o
v
er
al
l 
co
m
p
ar
is
o
n
 o
f 
d
if
fe
re
n
t 
su
rf
ac
in
g
 t
ec
h
n
iq
u
es
 [
2
1
].
 
- 12 - 
 
 
Figure.2.3: The different coating techniques for piston rings  
to improve wear and scuffing resistance [20]. 
(HVOF: high oxygen fuel spray, Cr plat.+diam: Cr plated + diamond) 
 
Figure 2.4: The coating treatment for the improvement of wear resistance [21]. 
(CVD: Chemical vapor deposition, PVD: Physical vapor deposition) 
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Figure 2.5: The improvement of corrosion resistance by coating and painting 
technique. 
From Figure.2.4 and Figure 2.5, it can be seen that the treatment of metallurgical 
coatings can improve wear and corrosion resistance for the substrate surface, but 
different coating treatments have different application areas.  
2.2.1 Vapor Deposition 
Vapor Deposition is the use of a physical or chemical method to cause a material to 
change from a condensed phase to a vapor phase and then back to a thin film condensed 
phase. Due to vapor method differences, there are two methods used: physical vapor 
deposition (PVD) and chemical vapor deposition (CVD). Because the process of vapor 
deposition is controllable, it is easy to obtain a coating with a satisfactory 
microstructure and hardness that enhances surface wear resistance and corrosion 
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resistance. Additionally, vapor deposition can help surfaces obtain special properties, 
for example, in the solar panel industry, metal materials have low absorptance in the 
solar spectrum region, but they rely on the deposited semi-conductor coating to reduce 
the reflectance of the metal [28]. 
For PVD, the use of an electron beam (EB) has become the typical physical method 
over the last few years because it can produce fine particles for different types of 
materials [29-32]. Electron beam PVD depends on high EB guns with a beam power of 
at least 300KW in order to have high enough rates for the EB evaporation process. The 
evaporation particle accumulates on the substrate to form a coating on the surface [33]. 
The original aim of EB PVD is to enhance the corrosion resistance of a substrate surface. 
With an improvement in techniques, this method has been widely used for industrial 
purposes, i.e. film capacitors and the packaging of barrier coatings [34].  
 
Figure 2.6: Schematic diagram of PVD processing techniques, including vacuum 
evaporation, sputter deposition, ion plating, and ion beam assisted deposition [35]. 
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For CVD treatments, a thermodynamic phenomenon is the force that moves the 
particle from the source to the surface of substrate. In this process, it must satisfy these 
four conditions [36]: 
 The reactant gases enter the reactor by a forced flow. 
 They diffuse through the boundary layer. 
 They are adsorbed on the surface of the substrate where the chemical reaction takes 
place at the interface. Other events such as lattice incorporation and surface motion 
may also take place at this stage. 
 The gas by-products of the reaction are desorbed and diffused away from the 
surface and through the boundary layer. 
Therefore, the CVD treatment also uses gases in the transform flow. This means that 
the source of material is not pure. When the mixture adheres to the surface of the 
substrate, a transformation gas is necessary to decompose and leave the forming coating 
source on the substrate. The by-products can then follow the gas flow with the reaction 
gas. This process can be accelerated or assisted by plasma, heat, or some other suitable 
method [37]. Figure 2.7 shows a chamber for the CVD treatment in the different 
surroundings. 
The different vapor deposition methods have their own advantages and 
disadvantages. Although the coating made by CVD is more conformal than the coating 
of PVD, it must be heated to approximately 600℃ or higher to activate a chemical 
- 16 - 
 
reaction on the substrate surface. Also, some of these reactions require a long time to 
finish. For some substrates, such as metals and alloys, this very high temperature will 
result in thermally induced distortion and dimensional variation. In addition, the gas 
by-products are possibly toxic or not environmentally friendly, which requires the 
design of tail gas treatment systems on the manufacturing line. For PVD, it can be used 
with versatile coating materials, including metals, alloys, and refractory or intermetallic 
compounds, depositing unusual microstructures with a wide temperature range for 
substrates. The obtained coating has a fine finish, high purity, and high bond strength. 
However, it requires a high-vacuum treatment environment. Additionally, the coating 
complex forming process is difficult, and the boundary between the PVD coating and 
substrate surface can experience serious damage if there is a mismatch between their 
elastic-plastic properties. This problem will lead the coating to crack and cause 
delamination in a high temperature or pressure environment [38]. To deal with this 
problem, a plasma nitriding or nitrocarburizing treatment is performed to form a thin 
coating before the PVD treatment is carried out. 
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Figure 2.7: Schematic illustrations of chemical vapor deposition [39]. 
(a) low pressure CVD treatment (b) plasma enhanced CVD treatment 
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2.2.2 Plasma Nitriding and Nitrocarburizing 
The phenomenon of glow discharge is one of the basics of plasma nitriding. The 
chamber used for plasma nitriding provides a low-pressure vacuum environment [40] 
and uses pure nitrogen or cracked ammonium as a donor. The substrate is the cathode 
and the chamber is the anode. When the area between cathode and anode have a high 
enough voltage (300~600V), the gas is ionized and experiences the phenomenon of 
glow charge, which causes the created nitrogen ions and hydrogen to hit the surface of 
the substrate. The ion strike raises the surface temperature while the sputtering iron 
atoms react with the nitrogen ions to form ferric nitride. During this process, the plasma 
nitriding diffuses into the inside of the substrate and forms a nitride layer. Figure 2.8 
shows a chamber for plasma-nitriding. 
Compared with other coating treatments, plasma nitriding has these advantages:  
 The rate of nitrogen permeation is faster, so it shortens the time of the nitride cycle. 
Ion nitride requires1/3 to 2/3 less time than is needed by gas nitride. 
 The brittleness of nitrification layer is low. The formed white layer is thin or not 
even, and the deformation of the substrate is less.  
 It can reduce the consumption of energy and gas. Energy consumption is 1/2 to 1/5 
that of gas nitriding. The consumption of gas is 1/5 to 1/20 less. 
 Plasma nitriding can be made of part of the substrate nitriding, and the part that 
does not need nitriding is easily protected by using a metal cover. 
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 No need to pre-treat the substrate. The ion strike can clean the passivation coating. 
 The process of plasma nitriding is controllable. The thickness of the layer and 
metallographic structure are also controllable. 
 The temperature available for applying the treatment is wider. Even if the 
temperature is lower than 350℃, the surface of the substrate still can form the 
nitriding layer. Gas nitriding is difficult at low temperatures. 
 The environment for applying the treatment is easy to create. The gas by-product 
is non-toxic. 
 It is suitable for different materials, i.e. stainless steel, high-temperature steel, and 
chisel tool steel.  
 
Figure 2.8: Schematic illustration of the plasma-nitriding chamber [41]. 
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2.2.3 Thermal Spray 
Thermal spray coatings are deposited by molten or semi-molten particles on a surface 
to form a coating. The thickness of the formed coating can be from a few micrometers 
to several millimeters [42]. Figure 2.9 shows the schematic of the thermal spray. 
Compared with vaper deposition, thermal spray has been applied more widely because 
it can be used in a variety of different environments. Its disadvantage is obvious as well: 
the formed coating has low bond strength, the surface has many pores (Figure 2.10), 
and the thickness of the coating is uncontrollable while the spray is working.  
 
 
Figure 2.9: Schematic illustration of the thermal spray treatment [42]. 
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As an easily operated coating treatment, thermal spray has several advantages [43]: 
 It is suitable for different types of substrates, such as ceramics, metals, and alloys. 
 Thermal spray has higher deposition than vapor deposition, so it has minimal 
requirements for the preparation of the substrate. 
 The temperature for the treatment is low, which reduces the amount of thermal 
degradation during the process.  
 
Figure 2.10: Schematic of coating structure by thermal spray [44]. 
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2.2.4 Plasma Electrolytic Oxidation 
Compared to vaper deposition and thermal spray, PEO is cost-effective and 
environmentally friendly [45, 46]. This technique relies on an electrode process when 
electrolysis is performed in an aqueous solution (Figure 2.11). At that time, there is an 
electrolyte chemical reaction on the surface of the metal, and the oxidation process 
results in surface dissolution and the formation of an oxide film. The film is similar to 
ceramic film and easily forms on light metals or alloys (magnesium, aluminum); 
therefore, this treatment has gradually attracted more attention over the past twenty 
years. 
At different parameters, the surface of substrate experiences different phenomenon 
(Figure 2.12), which means the whole process of PEO is controllable. For example, for 
type-b, the passive film begins to dissolve at U4. At the range between U4-U5, the 
electrical field of the oxide film reaches a critical value. When the voltage reaches 
beyond this value, the film will be broken through. When the voltage is between U6-
U7, thermal ionization is partially blocked by a negative charge build-up in the bulk of 
the oxide film, which leads to a discharge delay shorting of the substrate [47].  
There are a number of chemical reactions near the surface in the substrate. Depending 
on the condition of the near-electrode region, reactions occur in the discharge that 
develops in the surface layer. According to the dynamics of discharge phenomenon, 
plasma electrolysis has two steps: ionization and condensation. During the ionization 
process, there is a process of compound dissociation. While the process continues, the 
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temperature increases and volume expansion accelerates the velocity of the process. At 
this point, some positive ions are release into the solution, and the rest of the negative 
ions participate in the process on the electrode surface. During the condensation step, 
the temperature of the reaction area drops rapidly and the plasma components form 
products that are condensed within the discharge channel.  
For PEO, when the coating forms on the surface, it is also accompanied by gas 
leaving the reaction area. This may lead to a surface coating that has much porosity. 
This phenomenon has an influence on the properties of the coating. The formed layer 
can increase strength and improve wear and corrosion resistance. Also, the by-products 
are non-toxic and the equipment is easily to construct (Figure 2.13).  
 
Figure 2.11: The schematic of electrode process in the electrolysis of water [47]. 
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Figure 2.12: Two kinds of current-voltage diagram for treatment [47]. 
 
Figure 2.13: The schematic of a typical PEO treatment [47]. 
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2.3 Measurement Method 
In the field of material science, there are a number of standards to estimate the 
properties of a material, i.e., hardness, fatigue strength, and so on. According to these 
standards, manufacturers can select a suitable material to apply for their industrial uses. 
For the automotive industry, the materials do not only need to have strength and 
hardness. Some parts need material with corrosion resistance (car doors, wheel naves) 
or wear resistance (brake pads, pistons). 
2.3.1 Measurement of Wear Resistance 
When a counterbody moves on the surface of a solid body, the damage of wear will 
be found on the surface of contact; therefore, machine operators can use this 
phenomenon to process the workpiece on a lathe. However, while the machine is 
working, the operation of the part will lead to damage on surfaces. For this reason, 
manufacturers want to find a method to decrease the damage between the parts. Table 
2.3 shows the costs due to friction and wear in major Canadian sectors. 
To decrease the costs from this damage, manufacturers began to build systems to 
describe the methods of wear and friction and used these systems to understand the 
wear resistance of materials. Archard measured the wear rate of materials depending on 
pins rubbing on rings (Figure 2.14) [48]. In this way, he found an equation between 
volume loss and a normal load: 
W = K
𝑃
𝐻
                          (2.1) 
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In this equation, W is the volume loss, P is the normal load, H is the hardness of 
material, and K is wear coefficient of material. The wear coefficient is one of the 
methods to compare the wear resistance of different materials. 
Table 2.3: Costs due to friction and wear in major Canadian sectors [49]. 
 Costs due to friction 
($ million/year) 
Costs due to wear 
($ million/year) 
Total costs 
($ million/year) 
Transportation 40 1327 1367 
Agriculture 312 940 1252 
Mining 212 729 941 
Pulp and paper 105 382 487 
Forestry 111 158 269 
Electric utilities 54 189 243 
Wood industries 14 189 203 
Total all sectors 848 3914 4762 
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Figure 2.14: Graphs of wear versus sliding distance for pin rubbing on rings of the 
same material (speed 180 cm/s) [48]. 
 (1) Mild steel, 50g (2) Ferritic stainless steel, 250g (3) 70/30 brass, 80g  
(4) Stellite, 2500g (5) Hardened tool steel, 330g  
To understand wear in mechanism operation, manufactures build tests to simulate the 
conditions of wear between surfaces. Common tests are the pin-on-disk and pin-on-
plate tests (Figure 2.15). These tests place a load on a pin and use a platform as a sample 
(disk or plate) and the pin moves on the platform. After the test, the wear track is 
observed on the contact surface (Figure 2.16). 
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(a)                                          (b) 
Figure 2.15: The typical tribological test method [50]. 
(a) Pin-on-plate (b) Pin-on-disk 
 
Figure 2.16: The wear track on a surface of Ti-13Nb-13Zr alloys [51]. 
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According to the damage on the surface, the wear has three levels: ultra-mild, 
mild, and severe. As the wear processes, the temperature of the surface increases 
with the process and reaches the temperature of oxidation and surface materials will 
be oxidized. For the level of oxidation, there are two levels: mild and severe. In 
applications in the field of material science, people also rely on empirical rules to 
identify the level of wear, which is the wear map (Figure 2.17). In this way, it is 
convenient for operators to explore the level of wear depending on the data of 
experiment results. 
 
Figure 2.17: The wear-mechanism map for steel using the pin-on-disk test [52]. 
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Figure 2.18: The function of the roughness standard of ISO 13565. 
 
The details of wear track are a significant standard to understand. For this reason, the 
profilometer is helpful for exploring surface roughness and the surface profile. For 
different standard of roughness, it has different function. Figure 2.18 shows the 
functions for ISO 13565. For this example, it has five standards: Rk, Rpk, Rvk, Mr1, and 
Mr2. The indications of these functions are shown in Table 2.4. Relying on these 
functions, other values can be calculated for wear resistance (ratio of oil storage on the 
surface, K and the oil storage of the unit area on the surface, and Cv). 
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Table 2.4: The indication of function of ISO 13565. 
Function Concept Indication 
Rk Core roughness depth Depth of the roughness core profile. 
Rpk Reduced peak height Average height of protruding peaks above 
roughness core profile. 
Rvk Reduced valley depths Average depth of valleys projecting through 
roughness core profile. 
Mr1 Material portion 1 Level in %, determined for the intersection line 
that separates the protruding peaks from the 
roughness core profile 
Mr2 Material portion 2 Level in %, determined for the intersection line 
that separates the deep valleys from the roughness 
core profile. 
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2.3.1.1 Measurement of Wear Resistance on PEO Coatings 
To obtain the better PEO coatings on surfaces, the PEO treatments have many 
controllable parameters, such as the frequency of power source, the solution used for 
the treatment, the type of voltage, and so on [50]. From the property of coating, it can 
directly show and help select the best parameter of treatment. N. Barati and E.I. Meletis 
[53] used voltage as a variate and performed a PEO treatment on an aluminum 7075 
substrate. They found that when the voltage was 500V, the time of the treatment was 
200 s, and it has the best quality coating of their experiment. The coating’s wear rate 
was 2.62 × 10−6mm3/(N·m) and the friction coefficient was 0.22 (Table 2.5). 
 
Table 2.5: Friction coefficients and wear rates of samples coated at different PEO 
voltages on Al 7075 [53]. 
PEO voltage 
(V) 
Mean friction coefficient 
(m) 
Specific wear rate 
(mm3N-1m-1) 
0 (Bare Al7075) 0.69 4.51E-04 
425 0.34 4.73E-05 
450 0.30 2.10E-05 
475 0.23 4.92E-06 
500 0.22 2.69E-06 
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Ling Hong et al. [54] reported that 50 Hz can give the best coating on a substrate of 
aluminum 6061 and relied on the profilometer to measure the cross-sectional profiles 
of wear track. Then they used software to create an image of wear track (Figure 2.19). 
 
Figure 2.19: The 3D images and cross-sectional profiles of wear tracks [54]. 
(a) 50Hz (b) 500Hz (c) 1000Hz 
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Table 2.6: Average values for hardness, surface roughness (Ra and Rz) for 
uncoated and PEO treated alloys. Thickness of oxide coating after treatment [55]. 
Alloy Hardness 
(GPa) 
Thickness of layer 
(μm) 
Surface Roughness (μm) 
Ra Rz 
A359 Uncoated 0.72a - 0.1 1.2 
PEO A359 6.8b 40 4.3(as treated) 68.9(as treated) 
   0.6(polished) 40.1(polished) 
AA7075 Uncoated 1.35a - 0.1 1 
PEO AA7075 12.6b 46 2.9(as treated) 67.2(as treated) 
   0.3(polished) 6.9(polished) 
a Vickers indenter at 10N load. 
b Berkovitch indenter at 2N load 
G. Sabatini et.al [55] explored wear behavior of cast A359 and AA 7075 alloys with 
a PEO treatment, and they found that the coating could obviously increase the wear 
resistance on the aluminum–silicon–magnesium alloy (A359) and aluminum–zinc–
magnesium–copper alloy (AA 7075) (Figure 2.20) and the strength of substrate 
increased as well (Table 2.6). 
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            (a)                                      (b) 
Figure 2.20: The result of wear depth and wear coefficient for uncoated and coated 
A359 and AA 7075 [55]. 
(a) Wear coefficient (b) Max wear depth 
2.3.2 Measurement of Corrosion Resistance 
The process of corrosion takes place over a long period of time during a material’s 
use. When a material is used in infrastructure such as a bridge, dam, or tunnel, the 
collapse of these facilities caused by the corrosion of this material can create a human 
disaster. In 2007, more than 100 cars were traveling over a bridge on I-35W during a 
Minneapolis rush hour when it suddenly collapsed [56] (Figure 2.21). Because the 
foundation of the bridge had corroded and there was a lack of the daily maintenance, 
the bridge collapsed; therefore, understanding corrosion resistance is of great necessity 
for architectural materials.  
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Figure 2.21: The collapse of I-35W bridge on 2007 [57]. 
As was mentioned earlier, the corrosion of material is a long process. An acceleration 
of the corrosion process is necessary to measure it in a material. In the field of material 
science, the electrochemical method is suitable for dealing with this problem. 
Polarization is one of way to understand the corrosion properties of a material.  
When current is sent through an electrode, the electrode’s potential deviation from 
the equilibrium value is called polarization. The curve of polarization depicts the 
relationship between current density and electrode potential in this process [58]. 
According to reaction on different electrodes, there is an anodic polarization curve and 
cathodic polarization curve. For an electrode reaction, the velocity of reaction is: 
v =
1
𝑠
𝑑𝑐
𝑑𝑡
                          (2.2) 
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v is the diffusion velocity of electrode, S is the area of electrode surface, c is the 
concentration of reactant, and t is time of reaction. 
If the reaction of the electrode is: 
O+ne→ R 
According to Faraday's law, when reactions generate 1 mol R, the electrode will pass 
the nF quantity of electricity. n is the number of the transform electron. Therefore, the 
velocity of electrode can transform to: 
j = nFv = nF
1
𝑠
𝑑𝑐
𝑑𝑡
                   (2.3) 
In the curve of polarization, the slope of the point on the curve is called polarizability. 
However, in the application of measurement work, the average polarizability of the 
measured range is also used. This slope indicates the tendency of electrode polarization 
that directly shows the difficulty of the electrode reaction. If the polarizability is large, 
the resistance of the electrode is difficult and vice versa. 
One of the methods for exploring corrosion resistance is to use a form of polarization 
that is called the Tafel curve. It is an empirical measure used to explore corrosion 
resistance. In 1905, Tafel [59] presented an equation about overpotential, η and current 
density, i : 
                    (2.4) 
A is the so-called "Tafel slope," V, which is the slope of η-log(i) curve, is the so-
called "exchange current density," A/m2. 
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For the Tafel curve, one form of polarization that conforms to the Tafel equation is 
called the Tafel area. In this area, potential changes rapidly (Figure 2.22). 
Electrochemical software can infer the Tafel curve and calculate the corrosion potential 
Ev and corrosion current, Icorr. 
 
Figure 2.22: Illustration of the Tafel curve [60]. 
(AB: liner area CD: Tafel area BC: Weak polarization area) 
However, this method has these disadvantages: 
 Polarity has a negative influence on corrosion systems: the potential of the 
electrode has a deviation from self-potential, seriously affecting the system. 
 The process of simulating the Tafel area may lead to a change in the shape of the 
curve, which will result in an error in the final result. 
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The method using AC impedance relies on an electrochemical station to give a 
disturbance signal, which also is also a sinusoidal alternating current. Because of signal 
disturbances, the station can obtain a curve about the responses of an electrode and a 
disturbed signal and explore the impedance of the electrode. Depending on this data, an 
equivalent circuit can be inferred. This equivalent circuit can show a dynamic process, 
including on the electrode surface, and calculate the parameters of the simulation in an 
equivalent circuit, such as an electrical double-layer capacitor, resistance to charge 
transfer, and the parameters of mass-transfer by diffusion.  
 
Figure 2.23: Example of electrochemical impedance spectroscopy [60]. 
  For example, Figure 2.23 shows the results of electrochemical impedance 
spectroscopy. From this figure, it can be found that part of the curve is simulated to the 
components of the circuit. The eventual circuit of the electrochemical impedance 
spectroscopy is shown in Figure 2.24. 
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Figure 2.24: Simulation circuit of electrochemical impedance spectroscopy [60]. 
 For coatings, C.Liu et.al. [61] used the AC impedance method to understand the 
circuits of the coating systems for different PVD coatings (Figure 2.25). In this way, 
they could compare the corrosion performance by circuit or the value of components 
of the circuit (i.e. value of resistance) 
 
Figure 2.25: Establishment of ECs system [61]. 
for (a) TiN/MS (b) CrN/MS (c) TiN/SS (d) CrN/SS 
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2.3.2.1 Measurement of Corrosion Resistance on PEO Coatings 
  Testing for the corrosion properties of coatings has also used the Tafel curve and AC 
impedance in recent years. Because substrates and the parameters of treatments differ, 
the results of corrosion resistance tests vary, but compared with uncoated surfaces, PEO 
coatings can improve corrosion resistance on the surface of a substrate. 
  Weichao Gu et.al. [62]. compared corrosion resistance for uncoated and coated 
samples on a steel substrate (Figure 2.26). Corrosion potential increased from -0.4 V to 
-0.2 V., and this shows that PEO coatings can improve corrosion resistance.  
 
Figure 2.26: The result of Tafel curve on the substrate steel [62]. 
Nastaran Barati et.al. [63] reported the influence of treatment time and impact of 
treatment solution (adding zirconia) on the aluminum 7075 alloy (Figure 2.27). They 
found that with the time increased, the corrosion resistance was better than with a short 
treatment. When the solution added the zirconia, the coating’s corrosion potential 
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increased. Additionally, the coated samples showed better corrosion resistance than the 
uncoated sample. 
 
Figure 2.27: Potentiodynamic polarization curves of alumina-zirconia and alumina 
PEO coatings in 3.5 wt.% NaCl solution [63]. 
For the solution for the PEO treatment, phosphate and silicate solutions were also 
used. To satisfy the standards of application, the surface also needed to have a 
mechanical attrition treatment (SMAT). H.R. Masiha et.al. [64] explored the differences 
in the coatings using these two solutions and found that the phosphate solution was 
better than the silicate solution. The original sample was better than the SMAT sample 
(Figure 2.28). Also, the experiment changed the parameters of the treatment. The details 
are shown in Table 2.7.  
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Table 2.7: The parameters of the H.R. Masiha et.al. experiment [64]. 
Sample code Time of SMAT(h) PEO Coating 
 I(A/cm2) Electrolyte Time(min) Potential(V) 
1 3 0.08 Phosphate 10 400 
2 3 0.08 Silicate 10 400 
3 3 0.16 Phosphate 10 405 
4 3 0.16 Silicate 10 405 
5 9 0.08 Phosphate 10 420 
6 9 0.08 Silicate 10 423 
7 9 0.16 Phosphate 10 426 
8 9 0.16 Silicate 10 410 
9 Without SMAT 0.08 Phosphate 10 410 
10 Without SMAT 0.08 Silicate 10 422 
11 Without SMAT 0.16 Phosphate 10 429 
12 Without SMAT 0.16 Silicate 10 395 
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Figure 2.28: Potentiodynamic polarization curves of the H.R. Masiha et.al.’ 
Experiment [64]. 
D.T. Asquith et.al [65] reported the corrosion performance of PEO coatings through 
AC impedance tests. The results (Figure 2.29) of the test show that PEO coatings are 
helpful the protect surfaces. 
 
(a)                                        (b) 
Figure 2.29: The simulation circuit of uncoated samples and coated samples [65]. 
(a) Uncoated (b) Coated 
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2.3.3 Measurement of the Porosity of Coatings 
For the properties of coatings, they are being explored and developed for a variety of 
applications, including those for wear resistance, corrosion resistance, and thermal 
protection. However, the forming process also has an influence on the performance of 
a coating. Porosity is inferred as one parameter that can directly impact on coating 
properties. 
2.3.3.1 Observation Method  
Right now, there are a number of methods to measure the surface porosity. One of 
the sample approaches is to measure both the dimensions and mass of a specimen with 
well-defined geometry. In this way, bulk density can be obtained and comparing with 
theoretical density to estimate the porosity [1].  
 
Figure 2.30: Schematic diagram of the observed method. 
The SEM can be used as well, but it requires a large number of specimens for images 
on one sample surface. If not, it may have errors in the results. After taking images, it 
relies on the image analysis software (such as ImageJ, Image-pro) to measure porosity. 
In the SEM image, pores are black. The software will filtrate these black points and 
calculate the porosity (Figure 2.30). 
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2.3.3.2 Experiment Methods 
 When a sample is immersed in a suitable liquid, the liquid will wet the specimen 
thoroughly, penetrating all the pores on the surface [66]. This is similar to the theory 
mentioned earlier of coating specimens with lacquer and sealing the pores on the 
surface and then calculating the porosity depending on lacquer density and mass. 
However, this method has limitations in that it can only work on samples having a 
coating. 
For a solid, the volume cannot change if it does not have any porosity on its surface. 
When samples are put into a chamber and then introduced to a gas (such as inert gas or 
nitrogen) the sample will absorb this gas. With this method, the density of the gas needs 
to be known along with the weight of the gas tank and weight before and after the 
experiment. Calculating the absorbed volume can reveal the porosity of the sample 
(Figure 2.31). 
 
Figure 2.31: Schematic diagram of the immersed method. 
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Chapter 3: Experimental Procedures 
  In this chapter, the PEO treatment and a study of its wear and corrosion performance 
are illustrated. In the literature review, the PEO treatment was described as used on a 
light metal, and it not only protected the surface of the substrate, but it also enhanced 
the behavior of surface. In this study, a PEO treatment was performed on an aluminum 
2024 substrate and all samples were made in the laboratory. In the process of 
investigating wear performance, a pin-on-plate test was used to simulate the daily wear 
behavior on the mechanical parts. The test results were evaluated by a surface 
tribometer, surface profilometer, SEM, and EDS to show the wear performance on the 
PEO coating. For the corrosion test, an electrochemical station was used to obtain 
polarization curves and observe the corrosion surface with an SEM and EDS. To 
measured porosity, the observed method was used with the SEM and an analysis 
performed using the software of ImageJ. 
3.1 Sample Preparation 
3.1.1 PEO Treatment  
The substrate used for the present study was the common aluminum alloy 2024. The 
size was 1 inch × 1 inch. The composition of material is shown in Table 3.1. The 
treatment used a DC power source, and a schematic of the equipment is shown in Figure 
3.1. The power source was used DC power source, the cooling system was water 
cooling system. With process of PEO treatment, the specimens were the anode. The 
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main parameters are shown in Table 3.2. The solution used contained 8g/L sodium 
silicate and 1g/L potassium hydroxide. 
 Table 3.1: Chemical composition and mechanical properties of aluminum 2024 [67]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Materials  aluminum 2024 
Element (wt..%) 
Cu 3.8%~4.9% 
Si 0.5% 
Fe 0.5% 
Mn 0.3%~0.9% 
Mg 1.2%~1.8% 
Zn 0.25% 
Cr 0.1% 
Ti 0.15% 
aluminum Balanced 
Yield strength 
(MPa) 
 245 
Tensile strength 
(MPa) 
 390 
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Figure 3.1: Schematic diagram of the experimental equipment [68]. 
 
Table 3.2: The parameters of the PEO treatments. 
Current Density 
(A/cm2) 
Ratio* 
(%) 
I+ 
(A) 
I- 
(A) 
Treatment Time 
(min) 
0.09 
50 
1.20 
0.60 20 
70 0.84 20 
100 1.20 20 
120 1.44 20 
0.18 
50 
2.40 
1.20 10 
70 1.68 10 
100 2.40 10 
120 2.88 10 
*  Ratio is the value of I-/ I+. 
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The DC power source had two modes: unipolar current and bipolar current. In this 
study, the bipolar current mode was used, for which Ton is 400μs, Toff is 100μs (Figure 
3.2). 
 
 
Figure 3.2: Schematic diagram of the bipolar mode [46]. 
 
3.1.2 Polished and Measured Roughness 
After the PEO treatment, the coated samples were measured by the surface 
profilometer (Mitutoyo SJ-201P, Figure 3.3) and thickness gauge (PosiTector 6000, 
Figure 3.4) and recorded as original data (Ra ,Rz ,Rpk,Rvk, Rk, Mr1, Mr2, and the thickness 
of the coating), which are indicated in the literature review. Then a sample of each ratio 
was selected to observe the original surface. 
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Figure 3.3: Mitutoyo SJ-201P surface profilometer. 
(a) the detector (b) a characteristic surface profile plot [69] 
The next step was the polishing process. All samples were polished again by 120# , 
400#, 600#, 800#, and 1200# abrasive papers. During this process, the data was 
measured with the profilometer and thickness gauge to understand the tendencies of the 
coating change. When the surface roughness (Ra) reached 2.5, 1.5, 0.8 and 0.6μm, the 
process was stopped and one of the specimens was chosen for observation. For the 
specimen of Ra near 0.6μm, it was randomly stopped to measure the Ra data and record 
it in the polishing process.  
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(a) 
 
(b) 
Figure 3.4: PosiTector 6000 thickness gauge. 
(a) the equipment and transducer (b) principle of measurement thickness[70] 
For 0.6 and 0.8μm, the data of ratio of oil storage was calculated on the surface (K) 
and oil storage of the unit area on the surface (Cv), which can directly show lubrication 
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properties [71]. The equation used was: 
 
K=Rvk/Rk                        (3.1) 
Cv=[(100-Mr2)×Rvk]/200            (3.2) 
 
3.2 Measure of Porosity 
  The reserved samples were examined using SEM equipped with an EDS detector 
(FEI Quanta 200 FEG, Figure 3.5). During the observation process, three areas were 
randomly selected to gather data at 300 times magnification.  
 
 
Figure 3.5: The SEM (FEI Quanta 200 FEG) used in the present study. 
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The figures gathered were revised to the same grey standard and calculated for 
porosity using an image from ImageJ (designed by the National Institutes of Health, 
Figure 3.6). After recording the data, the averaged porosity was calculated. 
 
Figure 3.6: Program interface of ImageJ (Designed by the National Institutes of 
Health). 
  For the process of measurement porosity, Figure 3.7 shows an example in the 
measurement process. In order to explore the deviation in this process, it used the same 
figure in Figure 3.7 but it was not clear to measure porosity. For the clear figure, the 
porosity was 7.82%, the porosity of unclear figure was 7.12%, therefore, the error of 
measurement porosity was -0.08%.        
- 55 - 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3.7: An example of measurement porosity step. 
(a) Change contrast (b) Analysis Figure (c) Calculated porosity and got result 
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3.3 Pin-on-Plate Wear Test 
  The samples of which Ra was near 0.8 and 0.6μm were installed on the tribometer 
(PCD-300A Figure 3.8) and were subject to a pin-on-plate test, the details of which are 
shown in Figure 2.15, and used SAE 52100 as a ball material. There were two different 
wear conditions for the test: a dry sliding test and oil sliding test. The computer recorded 
the data and made a figure of the coefficient vs. sliding distance. 
 
 
Figure 3.8: PCD-300A tribometer. 
(a) Recording computer and test platform (b) Pin-on-plate platform 
 
- 57 - 
 
After the sliding test, the samples were examined by SEM with an EDS detector 
(FEI Quanta 200 FEG, Figure 3.5) to observe the wear track and explored the element 
change with the EDS detector. Then the samples were pasted onto the designed platform 
(Del-Tron 751, Figure 3.9) and moved uniformly to measure the wear gap at 10 average 
positions on the wear track by the profilometer (Mitutoyo SJ-201P, Figure 3.3) to 
calculate the wear rate. The equation used was: 
Vi =ki F s                      (3.3) 
Where F is the normal load of pin-on-plate test, s is the sliding distance, Vi is the 
wear volume, and ki is the wear rate.  
 
Figure 3.9: Del-Tron 751 platform to measure wear rate. 
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3.4 Corrosion Test 
The corrosion test used an electrochemical station (SP-150, Figure 3.10) to measure 
polarization and relied on the Tafel curve to explore corrosion resistance. For this test, 
three sets of surface roughness were tested: original, 1.5, and 0.8μm. The settings of 
electrochemical station are shown in Figure 3.11. 
 
 
 
Figure 3.10: SP-150 electrochemical station. 
(a) Electrochemical station and computer (b) Three-electrode system 
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To explore the corrosion performance of the coating, two groups of samples were 
selected. Each group contained two samples, a coated specimen and uncoated 
specimen. One group was put into a 3% sodium chloride solution for 24 hours while 
the other group was given a pore sealing treatment. After the test, the samples are 
examined for corrosion resistance at the station.  
 
Figure 3.11: Setting parameters of the corrosion test. 
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Chapter 4: Standards for Coating in the Polishing Process 
  In this chapter, the original surface condition of specimens will be shown first (4.1). 
Then the variation tendencies for porosity and surface roughness during the polishing 
process will be explored (4.2). Finally, the relationship between the standards of surface 
roughness and porosity will be discussed (4.3). For the different surface roughness 
conditions, the surface profilometer, thickness gauge, and SEM were employed to 
measure and observe the surfaces of the samples. It was found that with the current 
increased, the porosity had a tendency towards certain variations. However, the results 
with different ratios showed different tendencies. This difference is attributed to the 
influence of I- in the coating forming process. The impact of porosity on corrosion and 
wear performance will be discussed in Chapters 5 and 6.  
4.1 Data on the Original Coating Surface  
  The specimens were prepared and underwent the PEO treatment described in Chapter 
3. The original surface conditions of the coatings are shown in Table 4.1. Because there 
were eight specimens and it is complex to express the parameters of each, the samples 
are referred to as C1R1, C1R2, C1R3, C1R4, C2R1, C2R2, C2R3, and C2R4 for 
simplicity sake. Here, “C” represent the current value: C1 is 1.2 A and C2 is 2.4 A. R is 
short for ratio, and there were four different ratios, 50%, 70%, 100%, and 120%, which 
are represented by R1, R2, R3, and R4 respectively. The standards for surface roughness 
are explained in Table 2.4. 
- 61 - 
 
Table.4.1: The average data of the original surface roughness. 
 
From the measured data, with the current increased, surface roughness (Ra) was 
increased. For other standards of roughness, they did not show any other special 
tendency with an increase of current or change in the ratio. For the thickness of the 
coating at different current values but with the same ratio (i.e., C1R1 and C2R1), the 
treatments with the high current value were thicker than the treatment with normal 
parameters.  
 
 
 
Sample Thickness 
(μm) 
Ra 
(μm) 
Rz 
(μm) 
Rpk 
(μm) 
Rvk 
(μm) 
Rk 
(μm) 
Mr1 
(%) 
Mr2 
(%) 
C1R1 29.5±0.6 2.80±0.15 14.67±0.45 4.65±0.23 2.42±0.12 6.34±0.25 13±1 89±2 
C1R2 31.0±0.3 3.34±0.16 25.07±0.35 8.37±0.20 2.71±0.17 10.82±0.22 15±2 93±1 
C1R3 36.0±0.4 3.45±0.21 17.92±0.42 4.54±0.13 3.34±0.22 8.70±0.32 13±1 92±1 
C1R4 40.0±0.3 3.60±0.19 22.94±0.31 4.51±0.31 4.37±0.18 12.41±0.13 11±2 91±3 
C2R1 30.5±0.5 3.24±0.17 27.08±0.29 5.16±0.19 3.83±0.20 10.17±0.26 12±1 92±2 
C2R2 35.0±0.4 3.41±0.16 29.66±0.33 5.93±0.26 2.36±0.16 10.33±0.17 12±2 95±2 
C2R3 38.0±0.2 3.58±0.16 16.61±0.44 4.56±0.17 1.72±0.13 7.10±0.31 14±1 94±1 
C2R4 43.5±0.3 4.19±0.16 26.15±0.15 6.68±0.25 4.49±0.24 9.77±0.29 12±3 89±3 
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   The original coating surface was examined by SEM (Figure 4.1 and Figure 4.2). 
With the ratio increased, the size and number of pores increased as well. At the same 
ratio, but different treatment values, such as C1R1 and C2R1, it was obviously found 
that porosity was raised. The high current value led to an increase in porosity, so surface 
roughness was also raised. In four figures of Figure 4.1, the pores were not consecutive 
on the surface; however, for the specimens with the high current value, the pores were 
shown as continuous. 
Figure 4.1: Original plasma coating from 1.2 A current. 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
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The ImageJ software calculated the average porosity of these eight specimens (Figure 
4.3). From the calculated result, the specimen of C2 was higher than specimen C1, 
although they had different ratios. There was the same tendency whether C1 or C2: 
porosity of R2 was higher than R3 but smaller than R4.     
 
 
Figure 4.2: Original plasma coating from 2.4 A current. 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
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Figure 4.3: Porosity of the original coating surfaces. 
4.2 Data in Polishing Process 
  For the polishing process, there were four standards for surface roughness (Ra): 2.5, 
1.5, 0.8, and 0.6μm. At these values for Ra, porosity was measured on the coating 
surface. Also, surface roughness was randomly measured during the polishing process.  
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Figure 4.4: Coating surface from 1.2 A current when Ra was near 2.5μm. 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
Compared with the original coating surface, it was found that the number of pores 
decreased (Figure 4.4 and Figure 4.5). However, the larger ratio specimens (C2R3, 
C2R4, C1R3, and C1R4) still had more pores on their surface than the other specimens; 
similarly, for the surfaces of high current value specimens, their pore size appeared 
larger than in the normal specimens. 
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Figure 4.5: Coating surface from 2.4 A current when Ra was near 2.5μm. 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
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Figure 4.6: Porosity of the coating surface when Ra was near 2.5μm. 
   The result of the porosity test (Figure 4.6) confirmed the speculation from the 
figures on the coating surface. Compared with the original coating porosity, although 
porosity decreased from the original coating condition, the tendency did not change: 
the high current value specimens had larger porosity. The samples with the normal 
current value coating had similar porosity except for the 50% sample. Referring to these 
two groups of specimens, the results for Ra near 1.5μm can be inferred that porosity fell 
as the polishing process continued, but the relationship of the value was similar to 
discussed condition of the coating before. From Ra near 1.5μm’s result (Figure 4.7), the 
inference was shown as correct. Porosity decreased with a surface roughness decrease, 
but the value relationship of the porosity did not change. 
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Figure 4.7: Porosity of the coating surface when Ra was near 1.5μm. 
   However, when surface roughness reached 0.8μm, the porosity of the coating 
(Figure 4.10) became larger than the specimens of 1.5μm, i.e. Figure 4.8 and Figure 4.9 
show surface conditions of the high current value specimens at different surface 
roughness levels (1.5 and 0.8μm). 
Compared with the specimens that had the same parameters but different surface 
roughness levels, it was easily found that when surface roughness reached 0.8μm, 
whatever the number of pores or the pore size, the samples had a different tendency 
than other samples. The size of the pore was larger than the specimens with Ra near 
1.5μm. This tendency was attributed to a change in the film. When surface roughness 
reached 0.8μm, the thickness of the coating was near the substrate, the intermediate 
dense layer was stripped, and the coating only covered the thin inner dense layer, which 
was the reason for the porosity change. 
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Figure 4.8: Coating surface of 2.4 A current when Ra was near 1.5μm. 
(a)C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
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Figure 4.9: Coating surface of 2.4 A current when Ra was near 0.8μm. 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
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Figure 4.10: Coating surface from 1.2 A current when Ra was near 0.8μm. 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
 
Figure 4.11: Porosity of the coating surface when Ra was near 0.8μm. 
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  While the polishing process continued, the size of the pores became smaller than 
before (Figure 4.12). However, from the figures, it was difficult to compare the change 
in porosity. Figure 4.14 shows the results from the software (ImageJ) analysis. It was 
found that the porosity was lower than before, but this decreasing tendency was not as 
sharp as the other two times (original to 2.5, 2.5 to 1.5μm). Therefore, for the 
measurement of porosity, the value of porosity decreased during the polishing process.  
 
Figure 4.12: Coating surface of 2.4 A current when Ra was near 0.6μm. 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
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Figure 4.13: Coating surface from 1.2 A current when Ra was near 0.6μm. 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
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Figure 4.14: Porosity of the coating surface when Ra was near 0.6μm. 
For the specimens of 0.6μm, thickness and surface roughness (Ra) were recorded 
during the polishing process (Figure 4.15). During the polishing process, the first slope 
change was the surface roughness reaching 2.1 to 1.7μm. This was attributed to the 
outer layer being sharpened away. When Ra was near 1.0μm, there was a second slope 
change, which was only a thin dense inner layer covering the surface. 
 
Figure 4.15: Surface roughness and coating thickness during the polished process. 
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4.3 Relationship of Different Surface Standards 
Porosity and surface roughness (Ra) decreased with the polishing process (Figure 
4.16). With the surface roughness between 1.5μm and 0.8μm, the value of porosity 
increased in this range, but in the next range, this tendency disappeared and value went 
back to decreasing. 
 
Figure 4.16: Porosity and Surface Roughness (Ra) during the Polishing Process. 
(a) 1.2 A (b) 2.4 A 
   Changing the standards of surface roughness, Figure 4.17 shows the relationship 
between Rpk and porosity. Although the decreasing slope is different, it looks similar to 
the relationship with Ra and porosity. However, for different ratios in each group, the 
value of Rpk was scattered: i.e. the Rpk of C2R4, when Ra was near 2.5μm, the value 
was higher than the other three samples, but at 1.5μm, the value was the lowest of all. 
Comparing different current values, it was similar with the situation when comparing 
different ratios. 
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Figure 4.17: Porosity and surface roughness (Rpk) during the polishing process. 
(a) C1 (1.2A) (b) C2 (2.4A) 
  For another standard of surface roughness, Rvk,(Figure 4.18), there was no regular 
pattern found regardless of ratio, current, or decreasing tendency, especially for the 
specimens of the high current value. During the polishing process, it sometimes 
increased and sometimes decreased; therefore, it can be said that porosity did not have 
any relationship with the value of Rvk. 
 
Figure 4.18: Porosity and surface roughness (Rvk) during the polishing process. 
(a) C1 (1.2A) (b) C2 (2.4A) 
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  At the same surface roughness (Ra), the relationship between thickness and the value 
of Rpk is shown in Figure 4.19. In these figures, it was found that with the same surface 
roughness, the thicker coating normally had a larger value for Rpk whatever the value 
for surface roughness. 
 
 
Figure 4.19: Thickness and surface roughness (Rpk) for the same average roughness 
of surface. 
(a) Ra≈0.8μm (b) Ra≈0.6μm 
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Chapter 5: Wear Performance of PEO Coating on an 
Aluminum 2024 Substrate in a Pin-on-Plate Wear Test 
Discussed in this chapter are coated aluminum 2024 specimens that were examined 
in pin-on-plate wear tests and observed for a wear track after the test. Relying on the 
results of the tests, wear performance was compared in specimens of a high current 
PEO treatment and normal parameter treatment. A profilometer, tribometer, SEM, and 
EDS were applied in the analysis the track of sliding test. The wear test used a steel ball 
of SAE 52100 sliding on the specimen surface. From the results of test, it was found 
that larger porosity had positive influence on coating wear resistance. Although it 
cannot decrease the value of the coefficient, pores can decrease the wear volume of a 
loss of coating, and in this way, improve the wear resistance of coatings. For this reason, 
the specimens made with a high current value PEO treatment performed well in wear 
resistance. 
5.1 Pin-on-Plate Sliding Test 
  Before the sliding test, a profilometer was used to measure surface roughness and 
calculate the ratio of oil storage (K) and the oil storage of the unit area on the surface 
(Cv). From the data of Cv and K (Table 5.1 and Table 5.2), C2R2 was the best sample 
among these specimens. Although C2R1 was better than C2R2 when Ra was near 0.6μm, 
the value for C2R2 was still very near the C2R1, and so C2R2 was regarded as the 
specimen that had the best wear performance based on the data for surface roughness.  
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Table 5.1: Surface roughness of specimens when Ra is near 0.8μm. 
 
 
 
 
 
 
 
Sample 
 
Thickness 
(μm) 
Ra 
(μm) 
Rz 
(μm) 
Rpk 
(μm) 
Rvk 
(μm) 
Rk 
(μm) 
Mr1 
(%) 
Mr2 
(%) 
Cv 
(μm) 
K 
(μm) 
C1R1 7.0 0.87 7.09 0.25 2.10 2.01 5 80 0.210 1.04 
C1R2 13.5 0.87 6.07 0.31 2.34 2.10 3 78 0.257 1.05 
C1R3 15.5 0.89 7.51 0.33 2.12 2.05 7 79 0.222 1.03 
C1R4 18.0 0.85 5.73 0.35 2.04 1.99 3 76 0.245 1.02 
C2R1 14.5 0.862 10.03 0.16 2.44 1.77 3 72 0.342 1.37 
C2R2 16.0 0.87 14.66 0.28 2.62 1.42 3 70 0.393 1.84 
C2R3 17.5 0.83 7.90 0.34 2.65 1.44 4 74 0.345 1.84 
C2R4 19.5 0.88 6.69 0.41 2.06 3.50 5 89 0.113 0.58 
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Table 5.2: Surface roughness of specimens when Ra is near 0.6μm. 
 
To examine the surface of the coated specimen, an uncoated substrate and the C2R2 
surface profile were examined by the profilometer (Figure 5.1). Comparing coated and 
uncoated specimens, the specimen with the coating had many peaks and valleys on its 
surface, which increases the wear resistance of coating, i.e., during the dry sliding test, 
the peak can decrease the contact area of the surface with the counterface. Peaks are a 
priority wear resisting feature for a surface as they protect surfaces and improve wear 
resistance. For the substrate, the contact area where it came in contact with the 
counterface directly, the wear on the surface lead to damage of the substrate. From (b) 
Sample 
 
Thickness 
(μm) 
Ra 
(μm) 
Rz 
(μm) 
Rpk 
(μm) 
Rvk 
(μm) 
Rk 
(μm) 
Mr1 
(%) 
Mr2 
(%) 
Cv 
(μm) 
K 
(μm) 
C1R1 5.5 0.64 6.02 0.17 2.24 2.01 5% 78% 0.246 1.04 
C1R2 8.0 0.68 5.38 0.30 2.27 2.10 3% 73% 0.306 1.05 
C1R3 8.5 0.60 4.34 0.25 1.69 2.05 4% 76% 0.203 1.03 
C1R4 11.5 0.67 5.95 0.34 2.28 1.99 5% 79% 0.394 1.02 
C2R1 5.5 0.62 6.53 0.22 2.57 1.46 6% 72% 0.359 1.76 
C2R2 7.5 0.69 7.54 0.31 2.95 1.69 2% 76% 0.354 1.74 
C2R3 10.5 0.68 7.28 0.36 2.34 1.57 4% 75% 0.293 1.15 
C2R4 13.5 0.59 5.27 0.46 1.26 1.09 4% 81% 0.120 0.80 
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and (c) in Figure 5.1, it was found that (b) has more peaks than (c), which was shown 
in data for Ra as well. Compared with the depth of the valleys, (c) looked better than (b) 
from the figure, but from value of Rvk, 0.8μm’s is larger than 0.6μm’s. Further, the 
valley width of (b) was longer than (c), which results in the volume of valleys smaller 
than (b). This means that (b) can accommodate more material transforming during the 
wear test and protect the coating and substrate. 
  The results of sliding test are shown in Figure 5.2 and Figure 5.3. All of the coefficient 
curves show a fluctuation tendency. In the dry sliding test (Figure 5.2), (a) and (c) are 
specimens of C1, (b) and (d) are specimens of C2. When the surface roughness (Ra) is 
near 0.8μm ((a) and (b)), the coefficient of C1 specimens fluctuate in the range of 0.5 
to 0.7. For the high current value samples, 70% (C2R2) showed the best value for a 
coefficient and had a stable and the smallest value of about 0.5. The other three samples 
are similar to specimens of C1 although the fluctuation tendencies were different. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Figure 5.1: Surface profiles of specimen C2R2 and an uncoated substrate. 
(a) Uncoated substrate (b) C2R2 at Ra near 0.8μm (c) C2R2 at Ra near 0.6μm 
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Figure 5.2: Coefficient curves of the dry sliding pin-on-plate test. 
(a) C1, 0.8μm (b) C2 0.8μm (c) C1 0.6μm (d) C2 0.6μm 
 
 
 
 
Figure 5.3: Coefficient curve of oil sliding pin-on-plate test. 
(b) C1, 0.8μm (b) C2 0.8μm (c) C1 0.6μm (d) C2 0.6μm 
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When surface roughness (Ra) was near 0.6μm, the value of the coefficient became 
lower than situation for 0.8, which was between 0.5 and 0.65. However, compared 
to an uncoated substrate (polished, Ra near 0.02μm), it was greater than of the 
polished substrate. For the oil sliding test, all of specimens were not different and 
were in the range between 0.12 and 0.16. The sample of substrate was in this range 
too. It shows that specimen has the same wear performance as the uncoated 
aluminum 2024 substrate. 
5.2 Wear Track of Dry Sliding Test 
The oil sliding test did not damage the surface, and the screen could not find the 
wear track using SEM. In this section, the wear track of dry sliding test will be discussed.  
The wear track of the normal current specimens (Figure 5.4) shows that the steel 
transformed on the coating surface (the white part). With the ratio increased, the size of 
material transform rose as well. It was inferred that this would impact the size of the 
pore. The coating was not broken during the sliding test, and this shows that the coating 
can protect the substrate. 
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Figure 5.4: Wear track of the dry sliding test (normal current, Ra near 0.8μm). 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
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Figure 5.5: Wear track of the dry sliding test (high current, Ra near 0.8μm). 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
For the wear track on the specimens with a high current PEO treatment (Figure 5.5), 
it was shown that the coating formed at a high current value had the same wear 
resistance performance as normal current value samples. However, the size of the 
transformation of the material was larger than that of the specimen with normal 
parameters. This resulted in similarly to the results shown in Chapter 4. It confirms that 
porosity has influence on the wear resistance of a coating.  
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Figure 5.6: Wear track of the dry sliding test (normal current, Ra near 0.6μm). 
(a) C1R1 (b) C1R2 (c) C1R3 (d) C1R4 
With decreased surface roughness, the thickness of the coating decreased 
with polishing. Some of material transformed had formed a larger part on the 
coating surface (Figure 5.6 and Figure 5.7). This means that thickness was 
another impact of on wear performance for coatings. However, at the boundary 
of the wear track and coating, it was cleanly shown that the transformed material 
will be first to inset the pore during the wear process. Similarly, the unworn 
parts show an increasing tendency for pore size. 
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Figure 5.7: Wear track of the dry sliding test (high current, Ra near 0.6μm). 
(a) C2R1 (b) C2R2 (c) C2R3 (d) C2R4 
    
5.3 Relationship between Porosity and Wear Rate 
  To confirm the material transforming the inset of the pore of the coating, taking an 
EDS photo shows this inference (Figure 5.8). At the boundary between the wear track 
and coating, it was found that the element of iron distributes in the pore coating, but in 
the middle of wear, it cannot confirm the transforming material, only an inset into pore. 
For this reason, the image of the mix (Figure 5.9 (b)) can show the topography and 
element on the surface. At the middle of the wear track, the area indicated by the red 
circle, this pore is not filled with the transforming material, which indicates that most 
of transforming material will be first filled into a pore.   
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(a) 
 
(b) 
Figure 5.8: Result of the EDS analysis. 
(a) EDS spectra (b) Element map 
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Figure 5.9: Original figure of the EDS analysis. 
(a) BSE (b) MIX 
  In Chapter 4, porosity results were obtained for surface roughness levels near 0.8 
and 0.6μm (Figure 4.11 and Figure 4.14). From the result of coefficient, a 
relationship between wear resistance and porosity cannot be identified; therefore, 
wear rate is another method that may be able to demonstrate the relationship 
between wear resistance and porosity. 
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*the data in this figure is multiplied by 10-7 mm3/(N·m) 
Figure 5.10: Results of the wear rate, when surface roughness was near 0.8μm 
Referring to the porosity in Figure 4.11, the results of wear rate have a similar 
tendency to porosity; however, the specimen C2R4 had the largest porosity of the 
group, but its wear rate was not smallest wear rate among the four specimens in the 
group. C2R2 is showed the best wear resistance from the result of wear rate test, 
which was suitable for the results of the coefficient.  
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*the data in this figure is multiplied by 10-7 mm3/(N·m) 
Figure 5.11: Result of wear rate, when surface roughness was near 0.6μm 
Compared with results of Figure 5.10, the wear rate is lower. It shows that surface 
roughness has a greater than influence than porosity. From the results of Figure 5.11, 
the value of the wear rate becomes in the same range, although the normal current 
value looks better at this surface roughness. C2R1 had the lowest wear rate in the 
dry sliding test.  
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Chapter 6: Corrosion Performance of PEO Coating on 
Aluminum 2024 Substrate under Electrochemical 
Polarization Test 
  In this chapter, the specimens were examined with an electrochemical polarization 
test to explore corrosion performance and compare the corrosion resistance of the 
coatings. The obtained polarization curve used the Tafel curve to simulate on the 
electrochemical station. After the corrosion test, SEM and EDS were utilized to analyze 
the corroded surface. In these tests, it was found that there were two factors influencing 
corrosion performance: the thickness of the coating and porosity of the coating. With 
the same condition of the coating, the specimens obtained through a normal current 
value treatment had better corrosion resistance than the high current value PEO 
treatment. When surface roughness decreased, this gap also decreased, which was 
attributed to the influence of coating thickness.  
6.1 Corrosion Performance in the Potentiodynamic Polarization Test 
To analyze the influence of surface roughness, three groups of specimens were 
prepared with different surface roughness levels: original, 1.5, and 0.8μm, and the 
results of the polarization tests are summarized in the Figures 6.1, 6.2, and 6.3. 
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Figure 6.1: Polarization curve measured on the original coating surface. 
(a) 1.2A (group of C1) (b) 2.4A (group of C2) 
Figure 6.1 shows the polarization curve of the original coating surface. This 
shows that the coated samples had better corrosion performance than the 
uncoated sample. From the ordinates of (a) and (b), it was found that specimens 
made with the normal current value had better performance than the high current 
samples. Among these specimens, C1R2 and C2R2 had the best corrosion 
resistance based on the polarization curve in each figure. Compared with C1R2 
and C2R2, C1R2 was better than C2R2 because its voltage was larger than C2R2. 
  
Figure 6.2: Polarization curve measured when surface roughness was near 1.5μm. 
(a) 1.2A (group of C1) (b) 2.4A (group of C2) 
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From Figure 6.2, when surface roughness decreased, the fluctuation of the 
polarization curve becomes greater in number. This tendency may be attributed 
to the type of pore changed on surface. On the original coating surface, although 
porosity was greater than with surface roughness near 1.5μm, the depth of the 
pore was probably not deeper than the 1.5μm’s; therefore, when the corrosion 
phenomenon occurs on the surface, a deeper pore may result in the polarization 
curve and became similar to the Tafel area, which was regarded as a probable 
reason for the fluctuation of polarization. From the data of these two figures, it 
was found that normal current specimens were still better than the high current 
value specimens; however, as the polishing process continued, corrosion 
performance did not look as good as with the original coating surface, which 
indicates that the thickness of the coating is one of factors influencing corrosion 
resistance. 
 
   
Figure 6.3: Polarization curve measured when surface roughness was near 0.8μm. 
(a) 1.2A (group of C1) (b) 2.4A (group of C2) 
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Referring to Figure 6.2, the corrosion performance of 0.8μm samples does not 
have any difference among the range of voltage. However, as surface roughness 
decreased, the corrosion resistance of normal current value became the same as of the 
specimens with a high current value. Also, for the group made with the high current 
value, the sample of C2R4 showed the best corrosion performance over the other three 
samples. This was attributed to the influence of coating thickness. For the normal 
current value, there was similar corrosion resistance at this surface roughness level, 
especially for C1R2 and C2R2, which almost had the same curve. 
Table 6.1: Tafel simulation curve results for normal current value 
(1.2A, group of C1) 
 
Samples Ra 
(μm) 
Ecorr 
(mV) 
Icorr 
(μA·cm-2) 
βa 
(mV) 
βc 
(mV) 
Rp 
(kΩ·cm2) 
C1R1 
0.8 -485.4 0.005 14.9 18.1 24.0 
1.5 -324.7 0.003 24.0 25.2 31.6 
Original -249.6 0.001 34.3 28.1 31.8 
C1R2 
0.8 -564.9 0.006 23.2 16.6 16.2 
1.5 -399.1 0.003 32.2 26.7 26.8 
Original -276.1 0.001 28.8 27.3 37.2 
C1R3 
0.8 -596.7 0.008 13.2 37.0 11.5 
1.5 -352.4 0.003 51.0 26.4 22.5 
Original -166.8 0.001 29.6 26.7 34.9 
C1R4 
0.8 -401.2 0.007 11.7 68.5 13.1 
1.5 -318.8 0.004 40.5 47.9 19.7 
Original -293.7 0.003 19.8 24.2  31.3 
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Table 6.2: Tafel simulation curve result of high current value. 
(2.4A, group of C2) 
Table 6.1 and Table 6.2 show the results using the Tafel curve. In these tables, it is 
found that as surface roughness decreases, the value of Rp decreases as well. This means 
that the corrosion performance of the coating has a relationship with the thickness of 
coating. The situation is similarly found in the condition of same surface roughness. In 
these two groups, specimen of R4 (120%) had a thicker coating than the other three 
samples. The results of the Tafel curve confirm this viewpoint. The samples of normal 
current value show the better corrosion resistance when compared the value of Rp. In 
each group, the R2 has the largest value Rp. It shows that the ratio of 70% can obtain 
Samples Ra 
(μm) 
Ecorr 
(mV) 
Icorr 
(μA·cm2) 
βa 
(mV) 
βc 
(mV) 
Rp 
(kΩ·cm2) 
C2R1 
0.8 -535.3 0.007 10.9 15.6 15.4 
1.5 -717.3 0.005 18.5 21.0 19.3 
Original -636.7 0.003 30.8 26.7 26.1 
C2R2 
0.8 -500.9 0.007 46.9 35.5 9.7 
1.5 -530.6 0.005 29.9 21.3 15.8 
Original -578.5 0.004 18.1 18.3 29.4 
C2R3 
0.8 -591.8 0.006 23.0 23.0 13.6 
1.5 -481.3 0.005 21.1 11.1 23.0 
Original -559.4 0.004 17.3 19.2 28.7 
C2R4 
0.8 -390.1 0.009 9.4 14.8 17.0 
1.5 -535.2 0.004 38.8 25.1 21.4 
Original -562.2 0.004 20.0 17.3 28.2 
Uncoated Original -772.6 0.004 25.9 30.3 9.3 
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the best corrosion properties, whether a high current value PEO treatment or normal 
PEO treatment.  
  In order to further explore the corrosion resistance of coating, an immersion test was 
designed for two specimens: high current value coated samples and an uncoated 
substrate. (Figure 6.4) After 24 hours immersion, it was found that the coating still 
protected the substrate although the corrosion resistance decreased during the 
immersion test. It confirmed that the coating has good corrosion resistance in a 
corrosive environment.  
 
Figure 6.4: Polarization curve measured after 24 hours immersion. 
6.2 Influence of Porosity on Corrosion Resistance 
In 6.1, the fluctuation of polarization was attributed to existence of a pore on the 
coating surface. To confirm this guess, pore sealing was used on the specimens. After 
that, an electrochemical polarization test measured the pore sealed samples (Figure 6.5). 
When the pore was sealed by the treatment, the corrosion performance improved and 
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the fluctuation phenomenon decreased as well. This confirms that the existence of pores 
leads to fluctuations in the polarization curve.  
 
Figure 6.5: Polarization curve measured after the hole sealing test.  
To further confirm this inference, the specimen surface was observed after the 
corrosion test (Figure 6.6). It was found that the sodium chloride widely distributed in 
the boundaries of the pore (white things of Figure 6.6). To observe the details and ensure 
the results in Figure 6.6, an area of the pore was selected and EDS was utilized to make 
an (a) EDS spectra (Figure 6.7). From the result of spectra, it was found that the 
elements of sodium and chlorine gathered near the pore, which means that the pore was 
a primary part to be corroded on the surface. Therefore, it was not difficult to explain 
why the specimens of high current value showed worse corrosion performance in the 
test. In Chapter 4, it was found that porosity of these specimens was generally greater 
than of normal specimens. With the porosity increased, the coating will be easier to 
corrode. For this reason, the cross-sections of C1R2 and C2R2 were examined (Figure 
6.8). 
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Figure 6.6: Surface of PEO coating after the corrosion test. 
Figure 6.7 shows the cross-section of specimens, (a) is the cross-section of C1R2 
Compared with C2R2 (b), it was found that the coating created with the normal current 
value shows a more uniform and dense coating than the surface of the high current 
sample. This directly results in differences in corrosion performance for the original 
coatings. However, after the polishing process, the thickness is reduced, and the layer 
that is near the substrate has the same structure from these figures. Therefore, at this 
coating condition, the corrosion performance of these samples does not show any 
difference. This is reason why C1R2 and C2R2 appear to have the same polarization 
curve when Ra near 0.8μm. 
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 (a) 
  
(b) 
Figure 6.7: EDS analysis results of the coating surface. 
(a) Original SEM figure (b) EDS spectra 
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(a) 
 
 
 
 
(b) 
Figure 6.8: Cross sections of specimens. 
(a) C1R2 (b) C2R2 
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Chapter 7: Conclusion and Future Research 
  The specimens obtained by high current PEO treatment were measured for porosity 
during the polishing process, and then they were evaluated by the pin-on-plate wear test 
and polarization corrosion test. In order to figure out the performance of high current’s 
coating and influence of porosity, the samples were analysed by surface profilometer, 
surface thickness gauge, SEM, EDS, and electrochemical station. Based on the test 
results and characterization of porosity, the following conclusions and future research 
are drawn. 
7.1 Conclusions 
  The original and polished samples were observed by the surface profilometer, surface 
thickness gauge, and SEM. For the original coatings, they had a greater thickness than 
the polished specimens. As the treatment current density and ratio increased, the 
thickness of the coating tended to increase. For surface roughness (Ra), there was the 
same increasing tendency as current density and ratio increased. During the polishing 
process, the results for porosity tended to decrease and the original coating has the 
largest porosity. It was also found that the value of Rpk had the same variation tendency 
as porosity; however, for the value of Rvk, there could not be found any regular pattern 
between these two standards. With the same average roughness of surface, the coatings 
were thicker, and the Rpk value of the coating was greater as well.  
  For the wear test, a tribometer, surface profilometer, SEM, and EDS were used to 
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explore the influence of current density and whether it improved the wear performance 
of coatings and to understand the relationship between porosity and wear resistance. 
From the results of the coefficient, the specimens of high current when the value of Ra 
near 0.8μm and 0.6μm had better wear performance than the normal current’s sample 
in both the dry sliding test and oil sliding test. When observed on the wear track after 
the sliding test, it was found that porosity had a positive influence on the wear 
performance of the coating. When the value of porosity was near 5%, the coating had 
the lowest wear rate.  
  The corrosion test relied on the electrochemical station to perform the test, using the 
SEM and EDS to explore the influence of porosity on corrosion performance. 
Polarization and the Tafel curve showed that the specimens made with normal current 
had the better corrosion resistance than the samples made with a high current value at 
thicker coating conditions (original coating and Ra near 1.5μm’s). This was attributed 
to the coating made with the high current value having a large number of pores that had 
a negative influence on corrosion performance. It also influenced the densification of 
the coating. Otherwise, from the result of Ra near 0.8μm, it was found that coating 
thickness can improve the corrosion resistance of the coating. 
   From the results of these different tests, the specimens obtained by the high current 
value PEO treatment showed the better wear resistance than the samples from the 
normal parameter PEO treatment because they have larger porosity. However, the larger 
porosity results in a negative impact on the corrosion performance. For the ratio of 
treatment, the smaller value of the ratio (50% and 70%) was beneficial to obtaining the 
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coating during the PEO treatment. Overall, the high current density PEO treatment at a 
low ratio condition was regarded as an improvement to production efficiency and 
obtained specimens that can applied to the industrial uses that need better tribological 
performance and have a low demand for corrosion resistance, only in these ways, can 
it show advantages.  
7.2 Future Work 
  According to performance of the coating, it is found that high current density PEO 
treatments led the coating to have worse corrosion performance. In the future, a 
combined PEO process (starting with a high current density and ending with a normal 
current density) can be explored in order to take advantages of high process efficiency 
and high corrosion resistance of the coating. 
  Regarding pores and porosity, it will require further experimentation to determine 
why pores have a positive impact on coatings’ tribological properties. Additionally, it 
is needed to explore how the depth of pores influences surface performance.   
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